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Abstract 

Major T helper epitopes of medically important antigens can be located by measuring the proliferative responses 
of human peripheral blood mononuclear cells (PBMC) to pools of short synthetic peptides. The length and endings 
of the peptides used were shown to be critical for success in identifying Th cell epitopes. Many epitopes would be 
missed if either long (31mers) or short (less than 12mers) peptides were used. Pools of 14 and 16mers were more 
efficient than 12mers spanning the same region, however, for a promiscuous Th cell epitope of tetanus toxin (tt 
947-967), two of three donors tested did not respond to 18mers or shorter peptides spanning this region. Although 
peptides with either unblocked or blocked ends were stimulatory, peptides with blocked ends were generally more 
efficient. The peptide concentration and number of available APC were also found to affect the efficiency of the 
proliferation assay as a measure of peptide recognition by Th cells. 

Two screenings of the entire set of tetanus toxin peptide pools using different samples of PBMC from the same 
donor identified common major stimulatory regions. Thus, PBMC and peptide pools can be used for the 
reproducible identification of Th cell epitopes. After immunization with tetanus toxoid (TT), peptide-responsive 
cells increased in frequency in parallel to the increase in TT responsive cells, indicating that the peptide-responsive 
cells were primed by TT. 

Key words: T helper cell; Epitope; Synthetic peptide; Peripheral blood mononuclear cell; Proliferation; Tetanus 
toxin 

the response of Th cell clones to protein frag- 
ments generated by various methods, including 
enzymic or chemical fragmentation (Demotz et 
al., 1989a,c), gene fragments generated by restric- 
tion enzyme digestion (Lamb et al., 1987) or PCR 
using synthetic oligonucleotide primers (Nakaga- 
wa et al., 1991). Synthetic peptides of 15-30 
residues (Good et aL, 1988; Ho et al., 1990; Brett 
et al., 1991) and short peptides synthesized using 
the multipin peptide system (Maeji et al., 1990; 
Gammon et al., 1990; Brown et al., 1991; Mutch 



1. Introduction 

Mapping of T helper cell epitopes within pro- 
tein antigens has previously been achieved using 



Abbreviations: TT, tetanus toxoid; tt, tetanus toxin; PBMC, 
peripheral blood mononuclear cells; 0-dkp, /3 -amino-alanine - 
diketopiperazine; dkp, diketopiperazine. 
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et al., 1991; Suhrbier et al., 1991; Burrows et al., 
1992; Rodda et al., 1993; Reece et al., 1993) have 
also been used. 

Work with clonal Th cells has shown that the 
nature and length of the peptide containing the T 
cell epitope have important effects on its stimula- 
tory ability. Peptides with blocked N- and C- 
terminal endings were demonstrated to be just as 
efficient or more efficient than unblocked pep- 
tides for activating T helper cells (Allen et al., 
1989; Mutch et al., 1991; Gammon et al., 1991). 
In contrast, shorter peptides with unblocked end- 
ings containing the minimum epitope were shown 
to be more efficient for cytotoxic T cells (Be- 
dnarek et al., 1991). 

TT processing and epitope formation by APC 
has been shown to vary for donors even with the 
same restriction element (Demotz et al., 1989b; 
Panina-Bordignon et al., 1989) and inbred mice 
of the same MHC haplotype (Gammon et al., 
1990). This may be due to a requirement for 
specific protease(s) to generate particular epi- 
topes. The use of shorter peptides, which require 
little or no processing to be active in Th cell 
assays (Mellins et al., 1990), avoids the require- 
ment for specific proteases to generate epitopes. 
Peptides with as few as 8, 9 and 10 amino acids 
(plus the C-terminal tripeptide 0-amino-alanine- 
diketopiperazine (/3-dkp) moiety) have been 
shown to be stimulatory for Th cell clones (Suhr- 
bier et al., 1991; Brown et al., 1991; Gammon et 
al., 1991). These lengths are consistent with pep- 
tides found bound naturally to class II antigens 
(Rudensky et al., 1991; Hunt et al., 1992). 

Peripheral blood mononuclear cells (PBMC) 



A map of the Th cell epitopes of tt using 
human PBMC and pools of short synthetic pep- 
tides has been reported (Reece et al., 1993). The 
use of PBMC and the peptide pooling strategy 
has also been applied for mapping Th cell epi- 
topes within other antigens such as influenza type 
A (two subtypes of HA, and NP) (Rodda et al., 
1993); MPB-70 from Mycobacterium bouis (un- 
published data), Lol pi (Bungy et al., 1993) and 
HIV antigens; gag and env (Mutch et al., unpub- 
lished observations). 

This paper reports an assessment of the sensi- 
tivity and efficiency of the pooling/decoding 
method for identifying T helper cell epitopes 
using PBMC and pools of synthetic peptides. We 
have assessed the reproducibility of the method 
and the effect of peptide concentration and length 
of the peptides on the efficiency of Th cell recog- 
nition. Ways of optimizing recognition of Th cell 
epitopes, such as supplementing PBMC with 
APC, were examined. 

We also addressed the question of whether 
PBMC responses to short peptides is due to the 
cross-reactivity of Th cells primed with a different 
antigen (Good et al., 1992). The specificity of 
proliferative responses of PBMC to tt peptide 
epitopes was tested by study of a donor before 
and after immunization with TT. 



2. Materials and methods 

To ensure that proliferation assays using 
PBMC were minimally affected by spontaneous 
proliferation, factors such as the culture medium, 



~^-^&r%& been used >t©^^p*<3^£i£^ 



using short synthetic peptides (Good et ah, 1988; 
Brett et al., 1991; Russo et al., 1993; Reece et al., 
1993). As only the CD4 + subset of T cells is 
required for in vitro human T cell responses to 
conventional antigens such as TT (Via et al., 
1990), this suggests that proliferation assays in- 
volving PBMC are measuring the activation of 
antigen-specific CD4 + Th cells. PBMC are useful 
for mapping Th cell epitopes because they repre- 
sent a repertoire not biased by prior in vitro 
selection of the best-growing or most frequent 
clones (Gammon et al., 1990). 



tematically investigated and optimized. All work 
was performed using the optimized method for 
the standard PBMC proliferation assay described 
below, except where specified. 

2.7. Medium 

* Incomplete' medium consisted of RPMI 1640 
(CSL, Melbourne, Australia) supplemented with 
2 mM L-glutamine, 5 mM Hepes buffer pH 7.4, 
and 20 /xg/ml gentamicin. 'Complete* medium 
consisted of 10% (v/v) heat-inactivated human 
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serum, pooled from screened donations, or 10% 
(v/v) heat-inactivated autologous serum (ob- 
tained from defibrinated blood), added to 'in- 
complete' medium. 

2.2. Antigens 

Pin-made peptides were synthesized using the 
multipin peptide synthesis strategy (Maeji et al., 
1990). Peptides had either blocked endings (i.e., 
an acetylated N-terminus and a C-terminal /3-dkp 
or dkp group) or where noted, unblocked endings 
(free N- and C-terminal endings). Peptides were 
cleaved into sterile 0.1 M sodium bicarbonate or 
0.1 M Hepes, pH 7.8, in sterile 96-well microtitre 
trays. The purity of representative peptides was 
assessed using HPLC and was generally found to 
be >80%. 

The following bulk peptides were prepared by 
solid phase peptide synthesis using an Applied 
Biosystems 430A peptide synthesizer: P388 (H- 
QYIKANSKFIGITEL-OH, tt 830-844; Panina- 
Bordignon et ai., 1989), P399 (Ac-QEIYMQHT- 
YPIS-j3-dkp, tt 257-268), P442 (H-EQDPSGAT- 
TKSAMLTNLIIFGPGPVLNKNEV-OH, tt 141- 
171), P443 (H-SVDDALINSTKIYSYFPSVISKV- 
NQGAQGIL-OH, tt 581-611), P444 (H-DTQSK- 
NILMQYIKANSKFIGITELKKLESKI-OH, tt 
821-851), P445 (H-IEYNDMFNNFTVSFWLR- 
VPKVSASHLEQYGT-OH, tt 941-971), P459 
(Ac-VRDIIDDFTNESSQKT-NH 2 , tt 616-631) 
and P480 (H-FNNFTVSFWLRVPKVSASHLE- 
OH, tt 947-967; Panina-Bordignon et al., 1989), 
P485 (Ac-IVKQGYEGNFIG-OH, tt 652-663), 
P486 (Ac-STIVPYIGPALN-OH, tt 640-651), 

tt -591^02*)^ 
Peptides were purified to > 90% and their com- 
positions were confirmed by amino acid analysis. 

All peptides were screened for cytotoxic activ- 
ity by co-culturing with PBMC and 10 /xg/ml 
Con A (Sigma, St. Louis, U.S.A.). 

TT was a gift from the Commonwealth Serum 
Laboratories, Melbourne, Australia. 

2.3. Cell preparations 

Whole venous blood was drawn from volun- 
teers who had given informed consent to 



venepuncture. PBMC were isolated from defibri- 
nated or heparinized venous blood using Ficoll- 
Paque density centrifugation (Pharmacia LKB 
Biotechnology, Uppsala, Sweden) as described by 
B0yum (1968). 

2 A. Standard PBMC proliferation assay 

Peptide-stimulated proliferation assays using 
2 X 10 s PBMC per well were performed in 96-well 
round bottom microtitre plates (Nunc, Roskilde, 
Denmark). Antigens were added in 20 ^xl vol- 
umes to these microtitre plates followed by 180 
/xl of cells in complete medium to give a final 
volume of 200 /xl per well. Because PBMC often 
exhibited a low frequency of T cells specific for 
individual Th epitopes, all assays were carried out 
using at least 16 replicates per test group. PBMC 
were incubated at 37°C in 5%C0 2 in humidified 
air. After 90 h proliferation was detected by 
pulsing with 0.25 /*Ci tritiated (methyl-3H) thymi- 
dine (40-60 Ci/mmol, Amersham Australia, Syd- 
ney) per well for 6 h. DNA was harvested onto 
glass fibre filter mats (Skatron, Sterling, VA, 
USA) and incorporated thymidine was measured 
in an LKB 1205 Betaplate liquid scintillation 
counter. All assays included at least 16 wells each 
of negative controls (20 fi\ of peptide cleavage 
buffer) and positive controls (TT at 1.0 or 0.1 
Lf/ml in 20 fil cleavage buffer) plus 180 /xl cell 
suspension. 

2.5. Statistical methods 

Large amounts of peptide-stimulated PBMC 
^,&ta clearly; demote 

replicate cultures (wells) within each test group 
were not normally distributed (data not shown). 
This is a direct consequence of the random distri- 
bution of low numbers of peptide-specific Th 
cells among replicate wells and made it inappro- 
priate to treat proliferation data (cpm) using sta- 
tistical methods based on the Normal distribu- 
tion. The Poisson model is a better model for the 
data (Taswell et al., 1984). To assign the results 
from individual wells as 'positive' or 'negative 1 , a 
cutoff value of the mean plus three times the 
standard deviation of the cpm values for the 



1 



J.C. Reece et at. /Journal of immunological Methods 172 (1994) 241-254 



BEST AVAILABLE COPY 

244 

normally distributed unstimulated (Cells Alone) 
group was calculated (Taswell et al., 1984). Pois- 
son statistics were then used to determine whether 
the difference in the frequency of positive wells 
between each test group and the Cells Alone 
group was significant. Where the data are signifi- 
cant at the 0.25% (p < 0.0025) or 5% (p < 0.05) 
level, results are reported as the frequency of 
positive wells in the test groups. 

As this method is uncommon for analysis of 
proliferation tests, a typical set of data comparing 
this method of analysis with a conventional 
method using the mean ± SD of the 3 H-TdR 
uptake (cpm) has been reported (Reece et al., 
1993). This comparison shows that where signifi- 
cant frequencies are reported, the mean of all 
replicates in a test group is higher than the mean 
of the Cells Alone control group, but the SD is 
l| also high, so a test based on normally distributed 

% cpm data may not detect a difference between 

t test groups and the Cells Alone controls. In con- 

, trast, if individual wells are scored as positive or 

negative, the statistical test based on a Poisson 
distribution can be used as a more sensitive and 
realistic way of looking for test groups signifi- 
cantly different from the Cells Alone control (Re- 
ece et al., 1993). 

Precursor frequencies were estimated using the 
single-hit Poisson model (Taswell et al., 1984). 



3. Results 

3.1. Development of the method for T cell epitope 
mapping using PBMC 

Proliferation of PBMC in response to incuba- 
tion with sets of short synthetic peptides encom- 
passing entire protein sequences was developed 
as a method for the detailed mapping of helper T 
cell determinants (materials and methods section). 
Dodecapeptides (12mers) with a constant 3-re- 
sidue C-terminal extension (0-dkp) (Maeji et al, 
1990) were employed for this work since previous 
studies have shown that peptides of this length 
are suitable for identifying epitopes using Th cell 
clones (Brown et ah, 1991; Suhrbier et al., 1991; 
Gammon et al., 1991) and fall within the range of 



peptide lengths found binding naturally to MHC 
class II (Rudensky et al., 1991). As individual 
testing of every overlapping 12mer peptide of 
large proteins such as tt (1304 peptides) was 
impractical, a pooling/decoding strategy was de- 
vised. Using this strategy, the two most commonly 
recognized regions (Pools 30 and 42) corre- 
sponded to two published tt epitopes (Ho et al., 
1989; Panina-Bordignon et al., 1989), showing 
that the pooling method is effective for identify- 
ing major Th cell epitopes (Reece et al., 1993). 

To investigate whether the PBMC mapping 
method would give reproducible results with dif- 
ferent aliquots of PBMC, one donor was scanned 
twice at an interval of 2 weeks (Table 1). This 
assay was performed using the standard prolifera- 
tion assay (materials and methods section) except 
that a 138 h incubation period was used rather 
than 90 h. Results are reported as peptide pools 
scored positive at the p < 0.05 (-h) and the p < 
0.0025 (+ + ) levels. 

Table 1 shows that of the ten frequently stimu- 
latory pools identified at the p < 0.0025 level in 
the first assay, seven were also frequently stimu- 
latory (p< 0.0025) and two pools significantly 
stimulatory (p <0.05) in the second assay. Only 
one pool (pool 12) identified at the p < 0.0025 
level in the first assay was not stimulatory in the 
second assay. There were, however, five stimula- 
tory pools (pools 18, 34, 45, 58 and 66) identified 
in the second assay at the p < 0.0025 level that 
were not identified in the first assay. The differ- 
ence in the pools identified in the two scans may ! 
represent a temporal change in the dominance of 

3.2. Comparison of the effectiveness of pools of 
overlapping 12mer peptides with single 31mer pep- 
tides spanning the same regions 

Responses of several donors to each of three j 
pools spanning three dominant epitope regions | 
within the tt sequence (Reece et al., 1993) were f 
compared to responses incurred using the single 
31mer peptide containing all residues encom- 
passed by that particular pool. A fourth peptide 
spanning a published 'promiscuous' T helper cell 
epitope (tt 947-967, Panina-Bordignon et al., 
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Table 1 

Complete scan of tetanus toxin for Th cell epitopes using two 
different PBMC samples from donor E a 



Pool' 
no. 



tt sequence 
spanned by pool 



Donor E ( 



1 1- 31 

2 21- 51 
3* 41- 69 

4 59- 89 

5 79- 109 

6 99- 129 

7 119- 149 

8 139- 169 

9 159- 189 

10 179- 209 

11 199- 229 

12 219- 249 

13 239- 269 

14 259- 289 

15 279- 309 

16 299- 329 

17 319- 349 

18 339- 369 

19 359- 389 

20 379- 409 

21 399- 429 

22 419- 449 

23 439- 469 

24 459- 489 

25 479- 509 

26 499- 529 

27 519- 549 

28 539- 569 

29 559- 589 

30 579- 609 

31 599- 629 

32 619- 649 

33 639- 669 

34 659- 689 

35 679- 709 

37 7i9_ 749 

38 739- 769 

39 759- 789 

40 779- 809 

41 799- 829 

42 * 819- 847 

43 837- 867 

44 857- 887 

45 877- 907 

46 897- 927 

47 917- 947 
AS 937- 967 

49 957- 987 

50 977-1007 

51 997-1027 



test 1 



test 2 



+ + c 



+ + 



+ + 

+ 

+ 



+ 

+ + 



+ + 

+ + 

+ + 

+ + 
+ + 



+ 

+ + 

+ + 

+ + 
+ + 
+ + 



+ + 



+ + 



Table 1 (continued) 




tt sequence 


Donor E c 






spanned by pool 


test I 


test 2 


52 


1017-1047 






53 


1037-1067 






54 


1057-1087 






55 


1077-1 107 






56 


1097-1 127 


+ 


+ + 


57 


1117-1147 






58 


1 137-1 167 




+ + 


59 


1157-1187 


+ 


+ -f 


60 


1 177-1207 


+ + 


+ + 


61 


1197-1227 






62 


1217-1247 






63 


1237-1267 






64 


1257-1287 


+ + 


+ 


65 


1277-1307 






66* 


1297-1315 




+ + 


Total no. of positive pools e 


10 


14 


Cells alone 




1/112 f 


1/112 


TT(1.0 Lf/ml) 


14/56 f 


28/56 



a A standard PBMC proliferation assay, with the exception of 
a 138 h incubation period, was used. 

b Each peptide pool consisted of 20 overlapping 12mers (0.3 

fiM. peptide/pool) unless specified by *. 

c PBMC were from donor E taken at different times. 

d Peptide pools scored positive at p < 0.05 using 16 replicates 

per test. 

e Peptide pools scored positive at p < 0.0025 using 16 repli- 
cates per test, 

f Number of positive wells over total number of wells used for 
these controls. 



1989), found to be nonstimulatory using pools of 
12mer peptides (Reece et al., 1993) was included 
to see if a single 31mer could detect an epitope 

The concentration of each pepdderwuTMthe 1 
pool was 0.3 fiM, whereas individual 31mers were 
tested over a range of concentrations (8.5,3.4,0.7 
and 0.14 /iM) to avoid bias against the long 
peptides due to the possibility of a suboptimal 
concentration being used. Results are repre- 
sented as the number of positive wells out of 32 
replicates. Only those data significantly different 
from the Cells Alone control (p < 0.0025) are 
shown (Table 2). To examine whether there was a 
need to include every possible overlapping 12mer 
in the pool for it to be stimulatory, pools were 
also tested as sets containing overlapping pep- 
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Table 2 

Frequency of PBMC responses to pools of 12mer peptides compared to a single 31mer peptide spanning the same sequence as the 
pool a 



12mer 
pool b 


Donor 


Test group 














rOOl 






31mer peptide (^M) 






1 offset 


2 offset 


3 offset 


8.5 


3.4 


0.7 


0.14 




B 


16 d 


10 


13 


8 


9 


8 


5 


Pool 141-171 


F 


12 


9 


9 


4 


7 


6 


5 




I 


24 


24 


18 


21 


16 


22 


?1 
i, i 




B 


3 


4 


2 


_ c 








Pool 581-611 


F 


3 


3 














H 


12 


3 








11 






I 


8 


13 


12 






6 


3 




F 


8 


5 


4 










Pool 821-851 


H 


12 


10 


10 








3 




I 


16 


20 


11 


2 


13 


4 


3 




B 












4 




Pool 941-971 


F 


















H 

















A standard PBMC proliferation assay (materials and methods section) with a 90 h incubation period was employed. 
b Pool 141-171 corresponds to 31mer P442; pool 581-611 corresponds to 31mer peptide P443; pool 821-851 corresponds to 31mer 
peptide P444; pool 941-971 corresponds to 31mer peptide P445. 

c Each pool contained either twenty; ten or seven overlapping 12mer peptides depending on whether the offset was 1, 2 or 3. 
Individual peptides within each pool were at a concentration of 0.3 /xM. 

Number of positive wells in test groups significantly different from the Cells Alone control (p < 0.0025) using 32 replicates per 
test. 

c Indicates not significantly different from Cells Alone (p > 0.0025). 



tides offset by 1, 2 or 3 residues in their 'start' or 
N-terminal amino acid. 

As expected, peptide pools spanning tt 581-611 
and tt 821-851 induced proliferation of PBMC. 
However, the corresponding 31mer peptides gave 



little or no stimulation at any peptide concentra- 
tion tested (Table 2). In contrast, the single pep- 
tide P442, spanning tt 141-171, was stimulatory 
but still tended to give a lower frequency of 
positives than the corresponding pool. Table 2 



Table 3 



Donor 


Peptide 
offset b 


Peptide length c 








lOmer 


12mer 


14mer 


16mer 


B 


1 


6 d 


18 


23 


23 




2 


8 


14 


21 


23 




3 






17 


14 


D 


1 




6 


10 


14 




2 






9 


12 




3 




5 


10 


8 



1 A standard PBMC proliferation assay (materials and methods section) with a 90 h incubation period was employed. 

Increment in N-terminal residue number of consecutive overlapping peptides in the pool. 
c Each peptide was tested at a concentration of 1 fifA. 

No. of positive wells out of 32 replicate wells. Only frequencies of positive wells that were significantly different from the Cells 
Alone control are shown (p < 0.0025). - denotes not significantly different from Cells Alone (p > 0.0025). 



nee as the 



14 



iBLE 

also shows that as the residue offset increases, 
the frequency of positive responses tends to de- 
crease. 

All donors tested were unresponsive to pool 
941-971 and the corresponding 31mer peptide 
P445, which contains the known T cell epitope tt 
947-967 (Panina-Bordignon et al., 1989). As these 
donors were able to respond to the exact pub- 
lished T cell epitope (Table 4 and data not shown), 
this suggests that detection of some epitopes is 
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dependent on the choice of 'correct' 
length (see below). 



peptide 



3.3. The effect of peptide length in scanning with 
pooled peptides 

To investigate the effect of peptide length on 
the efficiency of detection of Th cell epitopes 
using PBMC, four sets of overlapping peptides of 
lengths; 10, 12, 14 and 16 residues (plus the 



Table 4 

A comparison between the 21mer bulk peptide, P480, tt 947-967 and pools of 12, 15, 18 and 21mer peptides spanning tt 946-968 J 



Peptide test/ 
length 



Sequence 



Donors 



Pool of 12mers 



; to 31mer 
1, 2 or 3. 
icates per 



icentra- 
gle pep- 
aulatory 
ency of 
Table 2 



the Cells 



Pool of 15mers 



Pool of 18mers 



Pool of 21mers 



P480 



MFNNFTVSFWLR 

FNNFTVSFWLRV 

NNFTVSFWLRVP 

NFTVSFWLRVTK 

FTVSFWLRVPKS 

TVSFWLRVPKSA 

VSFWLRVPKSAS 

SFWLRVPKSASH 

FWLRVPKSASHL 

WLRVPKSASHLE 

LRVPKSASHLEQ 

MFNNFTVSFWLR VPK 

FNNFTVSFWLRVPKV 

NNFTVSFWLRVP KVS 

NFTVSFWLRVPKVSA 

FTVSFWLRVPKVSAS 

TVSFWLRVPKVSASH 

VSFWLRVPKVSASHL 

SFWLRVPfCVSASHLE 

FWLRVPKVSASHLEQ 

MFNNFTVSFWLR VP KVSA 

NNFTVSFWLRVPKVSASH 
NFTVSFWLRVPKVSASHL 
FTVSFWLRVPKVSAS HLE 
TVSFWLRVPKVSASHLEQ 

MFNNFTVSFWLR VP KVSASHL 
FNNFTVSFWLRVPKVSASHLE 
NNFTVSFWLRVP KVSASHLEQ 

FNNFTVSFWLRVPKVSASHLE 



1 A standard proliferation assay (materials and methods section) with a 90 h incubation period was employed. 
b Individual peptides within pools and P480 were tested at 4, 1 and 0.25 fiM using 24 replicates per test. Positives ( + ) were scored 
if the number of responding wells was significantly different from the Cells Alone control at the p < 0.0025 level for any of the 
concentrations tested. 

0 - denotes not significantly different from the Cells alone control (p > 0.0025). 
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j3-dkp tripeptide moiety) spanning the region tt 
587-609 (Ho et al., 1990), were synthesized. All 
peptides of the same length were pooled (1 /xM 
peptide/pool) and tested for their ability to stim- 
ulate PBMC from donors B or D, For each 
peptide length, three pools of peptides were 
tested, stepping along the sequence with an offset 
of 1, 2 or 3 residues (Table 3). Results are re- 
ported in the same way as in Table 2. 

Table 3 shows that as the length of the pep- 
tides increases, the frequency of positive re- 
sponses also increases. In particular, note that 
lOmer peptides were unable to stimulate PBMC 
from donor D whereas 14 and 16mer peptides 
were very effective. As peptide offset increases, 
the frequency of positive responses decreases, 
and proliferative responses to pools of shorter 
peptides (10 and 12mers) offset by 2 or 3 may not 
be seen. This confirms observations in Table 2 
and suggests these pools may not contain the 
stimulatory sequence, which would be expected if 
both the length and 'frame' of the epitope within 
the peptide were important. 



For I4mer and 16mer peptides, pools contain- 
ing peptides offset by 2 were just as effective as 
those offset by 1, and significant responses were 
also obtained using 14mer and 16mer peptides 
offset by 3. These results suggest that a sequence 
can be successfully scanned "with a subset of all 
possible overlapping peptides (of a given length) 
spanning the sequence. 

3.4. Detailed investigation of the tetanus toxin re- 
gion tt 947-967 containing a promiscuous epitope 

None of the donors tested using the pools of 
12mer peptides responded to the region covering 
promiscuous T cell epitope tt 947-967 (Panina- 
Bordignon et aL, 1989; Reece et al., 1993). Table 
2 also shows that the 31mer peptide, P445 (tt 
941-971), was not stimulatory for donors B, F 
and H. In contrast, donors B, D, F, H and I were 
found to respond to P480, the 21mer peptide 
corresponding to the published sequence tt 947- 
967 (Table 4; data not shown for B and H). 

To see whether the lack of stimulation by 



Table 5 



The effect of peptide concentration and unblocked versus blocked endings on the effectiveness of Th cell recognition a 



Peptide 

concentration 

0*M) 



Peptide 



tt 257-268 (donor I) 



tt 591-602 (donor E) 



Blocked endings 



Unblocked endings c 



Blocked endings 



Unblocked endings 



16 
8 
4 

1 

0.5 

0.25 

0.125 

0.0625 

0.031 

0.016 

0.0078 



10 d 
6 



7 
3 
4 

4 



10 
18 
9 



10 
8 
5 



a A standard PBMC proliferation assay with a 90 h incubation period was employed. 

b 12mer peptides with an acetylated amino terminus and a dkp moiety at the carboxy terminus. 

c 12mer peptides with free carboxy and amino termini. 

d no. of positive wells out of 32 replicate wells. Only frequencies that were significantly higher than the Cells Alone control 
(p < 0.0025) are shown. 

- indicates not significantly different from Cells Alone (p > 0.0025). 
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shorter peptides was due to a need for the stimu- 
latory sequence to consist of more than 12 anti- 
gen-homologous residues, four sets of peptides 
(12, 15, 18 and 21mers) spanning tt 946-968 were 
tested for stimulation. Peptides of the same length 
were pooled together (Table 4) and tested in 
parallel with P480 at three concentrations; 4, 1 
and 0.25 fxM. Data in Table 4 is reported as 
positive ( + ) if the frequency of positive wells was 
significant (p < 0.0025) at any of the concentra- 
tions tested. 

Of the three donors tested, only donor D 
responded to pools of all peptide lengths tested 
(Table 4). In contrast, donors F and I responded 
to the pool of 21mer peptides and P480, but did 
not respond to peptides shorter than 21 residues. 
This indicates that the Th cell epitope for these 



two donors must be longer than 18 residues for it 
to be stimulatory. 

3.5. The effect of peptide concentration and un- 
blocked versus blocked endings on the effectiveness 
of T helper cell epitope mapping 

Previous reports have shown that peptides with 
different endings differ in their ability to stimu- 
late Th cell clones (Allen et al., 1989; Mutch et 
al., 1991; Gammon et al., 1991). The effect of 
peptide concentration was examined by testing 
two donors (I and E) against two 12mer peptides 
with blocked or unblocked endings. Peptides were 
tested at a range of doubling dilutions from 16 
/iMto 0.0078 /xM. Table 5 shows that the con- 
centration of peptide required to stimulate Th 



Table 6 

A comparison of the efficiency of individual blocked and unblocked peptides for the identification of a Th cell epitope within the 
A/Bangkok/1/79 haemagglutinin sequence 425-470 a 



A/Bangkok b 

start 

residue 


Sequence 


Donor c 












Flul 






Flu2 




Blocked d 
13mers 


Unblocked 
13mers 


c Unblocked 
16mers 


Blocked 
13mers 


Unblocked Unblocked 
13mers 16mers 


425 


LEKYVEDTKIDLW(SYN) 














427 


K YVEDTKID LWS Y(N AE) 


7 f 












429 


VEDTKIDLWSYNAOELL) 






14 








431 


DTKIDLWSYNAEULVA) 


16 


8 


13 








433 


KIDLWSYNAELLV(ALE) 


17 


10 


13 








435 


DLWSYNAELLVALCENQ) 


17 


12 


15 


7 






537 


WSYNAELLVALEN(QHT) 


7 






4 


6 




439 


YNAELLVALENQHCTID) 








14 


5 






AEIJ:V/^^Q^^^^ 


-..^ ;J 












443 


LLVALENQHTtDlXTDS) 








7 






445 


VALENQHTIDLTD(SEM) 














447 


LENQHTIDLTDSS(MNK) 














449 


NQHTIDLTDSEMN(KLF) 














451 


HTIDLTDSEMNKL(FEK) 














453 


IDLTDSEMNKLFE(KTR) 














455 


LTDSEMNKLFEKT(RRQ) 















1 A standard PBMC proliferation assay with a 90 h incubation period was employed. 

b Start residue of peptides spanning A/Bangkok/1/79 haemagglutinin sequence 425-470. Individual peptides were tested at a 
concentration of 3 fiM. 

c Flul and Flu2 refer to two donors known to respond to a Th cell epitope within A/Bangkok/1/79 425-461. 

d Blocked refers to acetylated peptides with dkp endings. 

c Unblocked refers to non-acetylated peptides with free acid endings. 

f no. of positive wells out of 24 replicate wells. Only frequencies that were significantly higher than the Cells Alone control 
(p < 0.0025) are shown. - denotes not significantly different from Cells Alone (p > 0.0025). 
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Table 7 



The effect of the addition of APC to P459- and TT-stimulated PBMC on tritiated thymidine incorporation and frequency of 



positives 


Cells used 


Cells alone 


P459 




n 

0.5 Lf/ml 




Mean cpm (SD) 


Cutoff b 10 fiWl 


1 fxM 


PBMC 

PBMC + APC d 


288 (96) 
275 (75) 


576 33/48 [991 ± 381] c 
499 46/48 [1220 ±590) 


21/48 [870 + 332] 
45/48 [797 ± 262] 


48/48 [9651 ±2726] 
48/48 [8074 ± 1526] 



b The cutoff cpm value was calculated as the mean plus 3SD for all the wells in the Cells Alone group (n = 48). 

c The frequency of positive wells out of 48 replicates and mean cpm ±SD of these positively responding wells. All six test groups 

were significantly different from the Cells Alone (p < 0.0025). 

d APC =100000 irradiated (3000 Rads) autologous PBMC per well. 



cells depends on the donor and peptide sequence 
tested. For donor I, > 1 /xM peptide was re- 
quired for stimulation whereas for donor E, stim- 
ulation was seen around 0.25 /xM. Peptides with 
blocked endings were more effective with the 
12mer peptide tt 257-268 (donor I) whereas the 
unblocked 12mer 591-602 (donor E) was more 
effective. 

The effect of peptide endings was further ex- 
amined with a set of overlapping 13mer peptides 
with either unblocked or blocked endings, and a 
set of 16mer peptides with unblocked endings, 
spanning a stimulatory region of the influenza 
strain A/Bangkok/ 1/79 hemagglutinin sequence 
(Benstead et al., in preparation). The individual 
peptides were tested at 3 fiM against two donors 
and results are presented as the number of posi- 
tive wells out of 24 replicates for test groups 
differing from the Cells Alone controls (p < 
0.0025) (Table 6). 

For both donors, the frequency of positive 



/3-dkp ending was higher than for peptides with 
free endings (Table 6). However, the 16mer pep- 
tides with free endings were of similar effective- 
ness to 13mer peptides with blocked endings. 
This indicates that longer peptides are more ef- 
fective, so if peptides with free endings are used 
it would be advisable to use peptides of about 16 
residues length. 

5.6. The effect of the addition of APC on the 
frequency of positive responses of PBMC to peptide 

Orosz et al. (1987) showed that for optimal 
proliferation when using low numbers of 
PBMC/well, supplementation with additional 
APC was necessary. Consequently, we investi- 
gated the effect of adding APC (irradiated autol- 
ogous PBMC) to 2 X 10 5 PBMC/well to see if 
the availability of APC was a limiting factor. 
PBMC from donor I, known to have a low Th 
T" : pf eCufgerr^gq^^y to the tt- :pg*«itfW^^W^ 



Table 8 

Estimations of precursor frequen cies/ 100 000 PBMC, before and after immunization with TT: donor CM16 a _ 

Test group Peptide (1 »M) TT ("/ ml > NF ^ ml) 

P399 P442 P459 P480 P485 P486 P487 1.0 01 U0 

Before *> Q2* 09^ LO* Ol 02 03 lJ* 039 9A9^ vFf* 9M^ 

After c 6.3 * 13.1 * 18.5 * 0.8 1.3 6.9 * 24. 6 * 1.74 > 77.43 * 76.58 * 9.81* 

a A standard PBMC proliferation assay with a 90h incubation period was employed. 
b PBMC isolated just prior to immunization with TT. 
c PBMC isolated 3 weeks after TT immunization. 

d Precursor frequency estimations of the no. of peptide and antigen specific Th cells/100000 PBMC. 

e *denotes significantly different from Cells Alone {p <O0025). More replicates were used in the Ceils Alone group in the before 
group, giving these precursor frequency estimations a higher precision. 



■ST AVABLA1 



J.C. Reece et ai /Journal of Immunological Methods 172 (1994) 241-254 



251 



equency of 



: 2726] 
: 1526] 



test groups 



ides with 
mer pep- 
effective- 
endings. 
more ef- 
are used 
about 16 



Z on the 
to peptide 

* optimal 
ibers of 
dditional 
: investi- 
ed autol- 
to see if 
ctor. 

a low Th 
459 (data 



ug/ml) 



not shown), were tested with and without the 
addition of 1 X 10 5 irradiated PBMC (3000 Rads) 
(Table 7). The addition of APC increased the 
frequency of positive responses to tetanus toxin 
epitope P459 (tt 616-631) at 10 /xM and 1 yxM 
without significantly altering the magnitude of 
thymidine incorporation (Table 7). This indicates 
that the number of APC is limiting even when 
using 2 X 10 5 PBMC per well, and suggests that 
to detect all specific Th cells, extra APC need to 
be added to PBMC. 

3,7. Are proliferative responses to tt peptides a 
result of Th cells responding to cross reactive anti- 
gens? 

To confirm that PBMC responses to tt-ho- 
mologous peptides are due to Th cells primed by 
TT rather than by cross reactive antigens, we 
examined proliferative responses of PBMC to a 
series of common tt Th cell epitopes before and 
after immunization of a volunteer with a TT 
booster (Table 8). 

Significant increases in the precursor fre- 
quency estimations of Th cells specific for pep- 
tides P388, P399, P442, P485, P486 and TT were 
found 3 weeks after the TT immunization. In 
contrast, the frequencies of Th cells to two con- 
trol antigens, influenza nucleoprotein (NP) and 
PPD (data not shown) did not alter after the TT 
immunization. 



culture conditions are not optimized, so factors 
such as media components must be screened to 
ensure the lowest background stimulation, while 
still supporting strong antigen-driven prolifera- 
tion. A second difficulty arises due to the rela- 
tively low frequencies of Th cell precursors spe- 
cific for a particular epitope. A large number of 
cells must therefore be used to ensure that signif- 
icant numbers of peptide-specific Th cells are 
present. These can be distributed into a large 
number of replicate wells per test group to per- 
mit a statistical test of the difference between the 
control (Cells Alone) and each test group to be 
made. Based on theoretical considerations and 
our observations, we determined that conven- 
tional methods of data analysis (S.I., mean ± SD, 
net cpm etc.) were inappropriate, so an algorithm 
was developed which calculates a cutoff cpm value 
to enable those wells exhibiting significant prolif- 
erative responses to be objectively scored. A sta- 
tistical test using Poisson statistics then differen- 
tiates positive tests groups from negative test 
groups and the Cells Alone controls (Geysen et 
aL, in preparation). 

A further restriction when using short syn- 
thetic peptides is the large number of peptides 
required to scan a whole protein sequence. This 
restriction can be overcome by synthesizing pep- 
tides using multipin peptide synthesis systems 
(Bray et ah, 1990; Maeji et aL, 1990). Testing 
overlapping peptides as pools reduces the limita- 
tion created by the limited availability of PBMC. 
4 Discussion Tn e P e P t ^ e pooling strategy was found to be an 

effective and simple method for identifying im- 

Wg ,»SJ5!}J Jt%-aSS^^ the use_ pLskflj^,*^^ 



the before 



' thetic peptides, which require little or no process- 
ing to be active in T helper cell assays (Mellins et 
aL, 1990), with the use of PBMC as a source of 
polyclonal T cells. Although the mapping of Th 
cell epitopes using PBMC provides a repertoire 
not biased by the in vitro selection of the best- 
growing or most frequent clones (Gammon et aL, 
1990), working with PBMC poses difficulties not 
found when working with Th cell clones. 

One major difficulty working with PBMC is 
the occurrence of sporadic (non-antigen-specific) 
proliferation in unstimulated PBMC cultures. The 
occurrence of 'false' positives is increased when 



CBungy efat.,T^93; Rodda et aL, 1993; Reece et 
aL, 1993). 

To assess the effectiveness of the peptide pool- 
ing strategy compared to a conventional method 
using longer synthetic peptides (Good et aL, 1988; 
Ho et aL, 1990; Brett et aL, 1991), pools of 12mer 
peptides were compared with 31mers spanning 
the same sequence. These results showed that the 
pools of short peptides were more efficient than 
longer peptides (Table 2). There may be a block 
in the recognition of longer synthetic peptides by 
helper T cells due to poor uptake from the 
medium or a requirement for specific protease(s) 
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to generate particular epitopes. Antigen process- 
ing and epitope formation by APC has been 
shown to vary even for donors with the same 
restriction element (Panina-Bordignon et al., 
1989) and inbred mice of identical MHC haplo- 
type (Gammon et al., 1990). 

The most efficient length of peptide for spe- 
cific stimulation of PBMC is unknown. Factors 
such as uptake by MHC class II, and whether or 
not processing of the peptide is necessary, affect 
the efficiency of epitope detection using poly- 
clonal T cells (PBMC). Although pools of 12mer 
peptides were shown to be more effective than 
31mers, we found that slightly longer peptides 
(up to 16 residues) were even more efficient for 
identifying Th cell epitopes (Table 3). Peptides in 
the 13-18 residue range have been found by 
extraction from purified class II molecules 
(Rudensky et al., 1991; Hunt et al., 1992) which 
suggests that synthetic peptides similar in length 
to the native peptides are the most efficient for 
detecting T cell epitopes. 

In one instance short peptides were not suc- 
cessful in identifying a major Th cell epitope. 
Donors did not respond to pools of 12mer pep- 
tides spanning the promiscuous Th cell epitope tt 
947-967 (Panina-Bordignon et al., 1989) even 
though they responded to a peptide correspond- 
ing to the published 21mer sequence (Reece et 
al., 1993). Further screening of 12, 15, 18 and 
21mer peptide pools showed that of the three 
donors tested, only one responded to all peptide 
lengths while the other two responded only to 
21mer peptides (Table 4). Thus, for. some 
donor/epitope combinations, the peptide must 

tory. 

Overall these results show that some Th cell 
epitopes may be missed if peptides are too long 
(31 residues) or too short (12 residues). Therefore 
a peptide length between 16 and 21 residues is 
probably suitable for the identification of the 
majority of Th cell epitopes. Pools containing 
16mer peptides offset by two residues can be just 
as efficient as pools of peptides offset by 1 (Ta- 
bles 2 and 3), halving the number of peptides 
otherwise required for complete scanning. 

Because short peptides require little or no 
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processing to be active in Th cell assays (Mellins 
et al., 1990), some peptide responses may occur 
as a result of activating Th cells primed with a 
cross-reactive antigen (Good et al., 1992). To 
investigate if responses to tt peptides were due to 
priming with TT, we examined changes in the 
frequencies of Th cells to TT, or to tt-homolo- 
gous peptides, as a result of immunization with 
TT (Table 8). The frequencies of Th cells to five 
tt peptide epitopes increased in parallel with in- 
creased frequencies to TT, indicating that PBMC 
responses to tt peptides are not due to Th cells 
generated to fortuitously cross reactive antigens. 
A specificity test (Hensen and Elferink, 1984) of 
PBMC responses also showed specificity of pep- 
tide-reactive PBMC for TT, and vice versa (data 
not shown). 

We found that peptides with blocked endings 
were as efficient or more efficient for activating 
Th cells than unblocked peptides (Tables 5 and 
6). This confirmed previous observations using Th 
cell clones (Allen et al., 1989; Mutch et al., 1991; 
Gammon et al., 1991) and may be due to the 
resistance of peptides with blocked endings to 
proteolytic action. These results contrast with cy- 
totoxic T cells where shorter peptides with un- 
blocked endings containing the minimum epitope 
were found to be more efficient (Bednarek et al., 
1991). 

The concentration of peptide required to stim- 
ulate Th cells depended on the peptide and donor 
tested. For one donor-peptide system, > 2 fiM 
peptide was required for stimulation whereas an- 
other peptide-donor system required only 0.25 

that s J° me ^ 

Th celf-^epitopes may not haveTjeen detected 
using 0.3 fiM of each peptide in peptide pools 
(Reece et al., 1993), even though the effective 
concentration can be two or three times this level 
due to epitope sharing between overlapping pep- 
tides. Collawn et al. (1989) also showed that 
although most Th clones respond to 0.3 /iM 
peptide, the optimum concentration can be higher 
or lower. 

Although the frequencies of Th cells for many 
other antigens are lower than for TT (Van Oers 
et al., 1987), we have found this method for 
epitope scanning with PBMC can still be applied 
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(Bungy et aL, 1993). In summary, the distinctive 
features of the method as described include (i) 
the medium, especially the use of autologous 
serum"; (ii) the incubation conditions, especially 
the use of round-bottom wells and a short incuba- 
tion (90 h); (iii) data analysis which recognizes the 
spontaneous occurrence of positives in control 
and test groups; (iv) the use of large numbers of 
replicates to allow proper statistical evaluation of 
data; (v) pooling of short peptides; (vi) the choice 
of peptide length in the 14-21 residue range, a 
size not requiring further processing for presenta- 
tion; and (vii) the use of shorter peptides which 
are active when their N- and C-terminal ends are 
blocked. 



Acknowledgments 

We thank Megan Jay, the Pin Peptide Synthe- 
sis team, and the generous blood donors for their 
help. 



References 

Allen, P.M., Matsueda, G.R., Adams, S., Freeman, J., Roof, 
R.W., Lambert, L. and Unanue, E.R. (1989) Enhanced 
immunogenicity of a T cell immunogenic peptide by modi- 
fications of its N and C termini. Int. Immunol. 1, 141. 
Bednarek, MA., Sauma, S.Y., Gammon, M.C, Porter, G., 
Tamhankar, S., Williamson, A.R. and Zweerink, HJ. 
(1991) The minimum peptide epitope from the influenza 
virus matrix protein. J. Immunol. 147, 4047. 
Boyum, A. (1968) Separation of leukocytes from blood and 
bone marrow. Scand. J. Gin. Lab. Invest. 21, 77. 
££fcttS*«*S**i % e \Ujy^Blau, J., Hu^esJ^kins^^QM^^^es, J., Liew, 
" ^'F.Y.-ancT fS&?-l.?: (1991) Human f ceil lewgnition of 
influenza A nucleoprotein. Specificity and genetic restric- 
tion of immunodominant T helper cell epitopes. J. Im- 
munol. 147, 984. 
Brown, L.E., Jackson, D.C., Tribbick, G., White, D.O. and 
Geysen, H.M. (1991) Extension of a minimal T cell deter- 
minant allows relaxation of the requirement for particular 
residues within the determinant. Int. Immunol. 3, 1307. 
Bungy Poor Fard, GA, Latchman, Y., Rodda, S., Geysen, 
M., Roitt, I. and Brostoff, J. (1993) T cell epitopes of the 
major fraction of rye grass Lolium perenne (Lol p I) 
defined using overlapping peptides in vitro and in vivo. 
Clin. Exp. Immunol. 94, 111. 
Burrows, S.R., Rodda, S.J., Suhrbier, A., Geysen, H.M, and 
Moss, DJ. (1992) The specificity of recognition of a cyto- 
toxic T lymphocyte epitope. Eur. J. Immunol. 22, 191. 



Collawn, J.F.. Bhayani, H., and Paterson. Y. (1989) An analy- 
sis of the physical properties of peptides that influence the 
pigeon cytochrome c specific T lymphocyte response. Mol. 
Immunol. 26, 1069. 

Demotz, S., Lanzavecchia, A., Eisel, U„ Niemann, H., Wid- 
mann, C, and Corradin, G. (1989a) Delineation of several 
DR-restricted tetanus toxin T cell epitopes. J. Immunol. 
142, 394. 

Demotz, S., Matricardi, P.M., Irie, C, Panina, P., Lanzavec- 
chia, A., and Corradin, G. (1989b) Processing of tetanus 
toxin by human antigen-presenting cells. Evidence for 
donor and epitope -specific processing pathways. J. Im- 
munol. 143, 3881. 

Demotz, S., Matricardi, P., Lanzavecchia, A. and Corradin, G. 
(1989c) A novel and simple procedure for determining T 
cell epitopes in proteins. J. Immunol. Methods 122, 67. 

Gammon, G., Klotz, J., Ando, D. and Sercarz, E.E. (1990) 
The T cell repertoire to a multideterminant antigen. Clonal 
heterogeneity of the T cell response, variation between 
syngeneic individuals, and in vitro selection of T cell 
specificities. J. Immunol. 144, 1571. 

Gammon, G., Geysen, H.M., Apple, R.J., Pickett, E., Palmer, 
M., Ametani, A. and Sercarz, E.E. (1991) T cell determi- 
nant structure: cores and determinant envelopes in three 
mouse major histocompatibility complex haplo types. J. 
Exp. Med. 173, 609. 

Good, M.F. and Currier, J. (1992) The importance of T cell 
homing and the spleen in reaching a balance between 
malaria immunity and immunopathology: The moulding of 
immunity by early exposure to cross-reactive organisms. 
Immunol. Cell Biol. 70, 405. 

Good, M.F., Pombo, D., Quakyi, I.A., Riley, E.M., Houghten, 
R.A., Menon, A., Ailing, D.W., Berzofsky, J.A. and Miller, 
UH. (1988) Human T-cell recognition of the circumsporo- 
zoite protein of Plasmodium falciparum: Immunodomi- 
nant T-cell domains map to the polymorphic regions of the 
molecule. Proc. Natl. Acad. Sci. USA 85, 1 199. 

Hensen, EJ. and Elferink, D. (1984) Proliferative response of 
human lymphocytes to antigens not experienced in vivo. 
Hum. Immunol. 10, 95. 

Ho, P.C, Mutch, D.A., Winkel, K.D., Saul, AJ., Jones, G.L., 



^fizepczyk, .Cj^^g^^fe^ot ■• - 
is T celf^ir^estfom tetanus toxin, gur: 



tw6 pixjfniscuous ' 
J. Immunol. 20, 477. 
Hunt, D.F., Michel, K, Dickinson, T.A., Shabanowitz, J., 
Cox, A.L., Sakaguchi, K., Appella, E., Grey, H.M. and 
Sette, A. (1992) Peptides presented to the immune system 
by the murine class II major histocompatibility complex 
molecule I-Ad. Science 256, 1817. 
Lamb, J.R., Ivanyi, J., Rees, A.D.M., Rothbard, J.B., How- 
land, K., Young, R.A. and Young, D.B. (1987) Mapping of 
T cell epitopes using recombinant antigens and synthetic 
peptides. EMBO J. 6, 1245. 
Maeji, NJ., Bray, A.M. and Geysen, H.M. (1990) Multi-pin 
peptide synthesis strategy for T cell epitope analysis. J. 
Immunol. Methods 134, 23. 
Mellins, E., Smith, L., Arp, B., Cotner, T., Celis, E. and Pious, 
D. (1990) Defective processing and presentation of exoge- 



ST AVAILABLE COPY 



J.C. Recce et ai /Journal of Immunological Methods 111 ( 1994) 241-254 



254 

nous antigens in mutants with normal HLA class II genes. 
Nature 343, 71. 

Mutch, D.A., Rodda, S.J., Benstead, M., Valerio, R.M. and 
Geysen, H.M. (1991) Effects of end groups on the stimula- 
tory capacity of minimal length T cell determinant pep- 
tides. Peptide Res. 4, 132. 

Nakagawa, T.Y., Von Grafenstein, H., Sears, J.E., Williams, 
J M Janeway, C.A. and Flavell, R.A. (1991) The use of the 
polymerase chain reaction to map CD4 + T cell epitopes. 
Eur. J. Immunol. 2i, 2851. 

Orosz, C.G., Adams, P.W. and Ferguson, R.M. (1987) Fre- 
quency of human alloantigen-reactive T lymphocytes. II. 
Method for limiting dilution analysis of alloantigen-reac- 
tive helper T cells in human peripheral blood. Transplan- 
tation 43, 718. 

Panina-Bordignon, P., Demotz, S., Corradin, G. and Lanza- 
vecchia, A. (1989) Study on the Immunogenicity of Human 
Class-II-Restricted T-Cell Epitopes: processing con- 
straints, degenerate binding, and promiscuous recognition. 
Cold Spring Harbor Symposia on Quantitative Biology, 
Vol. LIV. Cold Spring Harbor Laboratories, Cold Spring 
Harbor, NY, p. 445. 

Reece, J.C, Geysen, H.M. and Rodda, S.J. (1993) Mapping 
the major human T helper epitopes of tetanus toxin - the 
emerging picture. J. Immunol. 151, 1. 

Rodda, SJ., Benstead, M. and Geysen, H.M. (1993) Exhaus- 



tive helper T cell determinant mapping of influenza type 
A antigens with synthetic peptides and human PBMC In: 
C Hannoun (Ed.), Options for the Control of Influenza II. 
Excerpta Medica, Amsterdam, p. 237. 

Rudensky, A.Y., Preston-Hurlburt, P., Hong. S., Barlow, a. 
and Janeway, C.A. (1991) Sequence analysis of peptides 
bound to MHC class II molecules. Nature 353, 622. 

Russo, D.M., Jardim, A., Carvalho, E.M., Sleath, P.R., Ar- 
mitage, R.L., Olafson, R.W. and Reed, S.G. (1993) Map- 
ping human T cell epitopes in Leishmania gp63. J. Im- 
munol. 150, 932. 

Suhrbier, A., Rodda, S.J., Ho, P.C, Csurhes, P., Dunckley, 
H., Saul, A., Geysen, H.M. and Rzepczyk, CM. (1991) 
Role of single amino acids in the recognition of a T cell 
epitope. J. Immunol. 147, 2507. 

Taswell, C (1984) Limiting dilution assays for the determina- 
tion of immunocompetent cell frequencies. III. Validity 
tests fo the single-hit Poisson Model, J, Immunol. Methods 
72, 29. 

Van Oers, M.G.J., Pinkster, J. and Zeijlemaker, W.P. (1978) 
Quantification of antigen-reactive cells among human T 
lymphocytes. Eur. J. Immunol. 8, 477. 

Via, C.S., Tsokos, G.C, Stocks, N.I., Clerici, M. and Shearer, 
G.M. (1990) Human in vitro allogeneic responses. Demon- 
stration of three pathways of T helper cell activation. J. 
Immunol. 144, 2524. 



